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mice. The wrinkled skin was evident when Cln7
Ϫ/Ϫ mice were ϳ1 wk old, indicating that they suffered from chronic fluid loss. Transepidermal water loss measurements showed no difference between Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ skin, suggesting that there was no transepidermal water barrier defect in Cln7 Ϫ/Ϫ mice. Claudin-7 deletion resulted in the dramatic increase of aldosterone synthase mRNA level as early as 2 days after birth. The significant increases of epithelial Na ϩ channel ␣, Na ϩ -Cl Ϫ cotransporter, and aquaporin 2 mRNA levels revealed a compensatory response to the loss of electrolytes and fluid in Cln7
Ϫ/Ϫ mice. Na ϩ -K ϩ -ATPase ␣1 expression level was also greatly increased in distal convoluted tubules and collecting ducts where claudin-7 is normally expressed. Our study demonstrates that claudin-7 is essential for NaCl homeostasis in distal nephrons, and the paracellular ion transport pathway plays indispensable roles in keeping ionic balance in kidneys.
claudin-7; tight junction; kidney; knockout mice; salt wasting CLAUDINS ARE A FAMILY OF ϳ24 proteins with molecular masses of 20 -27 kDa and containing four transmembrane domains (28) . They are the major structural and functional components of tight junctions (TJs) (4, 11, 32, 37, 39) . Claudins are widely expressed in almost all epithelial cells and show tissue-specific distribution patterns (13) . It has been reported that claudins can either form paracellular size-and charge-selective pores or paracellular ion barriers (1-3, 6, 14, 41) .
Mutations in claudins have been linked to human diseases. The first direct evidence that claudins are responsible for paracellular ion transport comes from the genetic linkage study showing that mutations in claudin-16 (Paracellin-1) cause renal magnesium (Mg 2ϩ ) wasting with hypomagnesemia and hypercalciuria in humans (34) . Claudin-16 is localized at TJs of the thick ascending limb of Henle in kidneys and is essential for Mg 2ϩ reabsorption through the paracellular pathway. More recently, mutations in claudin-19 were also found to be associated with hypomagnesemia, renal failure, as well as severe ocular abnormalities in humans (23) . Studies from Hou et al. (15, 16) suggest that claudin-16 interacts with claudin-19 to form a cation-selective TJ complex. Other studies from Wilcox et al. (40) demonstrated that mutations in the gene encoding claudin-14 were linked to autosomal recessive deafness in humans. It was proposed that claudin-14 is essential for maintaining the electrochemical gradient between the endolymph and its surrounding tissues.
Studies from targeted deletion or disruption of claudin genes have also provided us with crucial information regarding the function of claudins in vivo. For example, claudin-11 null mice show the sterility of male mice and defect of nerve conduction velocity in the central nervous system (12) . Disruption of the blood-testis barrier could interrupt the differentiation of early spermatocytes and lead to cell sloughing and death. Mice lacking claudin-1 had wrinkled skin and died within 1 day of birth (9) . Dehydration assay and transepidermal water loss (TEWL) measurements revealed the severe defect of the epidermal barrier. Transgenic mice overexpressing claudin-6 also displayed the dysfunction of epidermal permeability barrier and died shortly after birth (38) . Nitta et al. (29) reported that claudin-5-deficient mice showed the size-selective loosening of the blood-brain barrier (BBB). Their studies revealed that the BBB in these mice was severely affected against small molecules (Ͻ800 Da) but not larger molecules. Claudin-19-deficient mice exhibited behavioral abnormalities that could be attributed to the defects in the electrical sealing by TJs in Schwann cells (27) . On the other hand, while claudin-11, -14, and -19 are all expressed in renal epithelial cells, no renal abnormalities have been observed in their respective claudin knockout mice, suggesting that either there is some compensation among claudins or their roles in kidneys are not essential.
There are at least 12 claudins that are expressed in kidneys (21) . Among them, claudin-7 is highly expressed in the distal convoluted tubules (DCT) and collecting ducts (CD) (2, 24) . Our recent studies showed that claudin-7 is a potential WNK4 substrate, and the serine residue at position 206 in the COOHterminus of claudin-7 is a putative phosphorylation site for WNK4. Moreover, the mutations of WNK4, which cause hypertension and hyperkalemia in humans (pseudohypoaldosteronism type II) by altering renal NaCl and K ϩ handling (19) , hyperphosphorylated claudin-7 and significantly increased paracellular permeability to Cl Ϫ (36). These observations indicate that an altered paracellular ion transport can potentially Ϫ/Ϫ , Cln7 ϩ/Ϫ , and Cln7 ϩ/ϩ mice at 3 days old. Bottom: genomic DNA was isolated from newborn mouse tail for genotyping analysis. The PCR products from both heterozygous (ϩ/Ϫ) and homozygous (Ϫ/Ϫ) mice yielded a 2.5-kb band (short arm) and a 4.2-kb band (long arm) respectively, whereas the wild type (ϩ/ϩ) did not have these two bands. Wild-type and heterozygous mice produced a 5.7-kb band indicating the presence of claudin-7 gene (CLN7). This 5.7-kb band was absent in the homozygous mouse. C: verification of claudin-7 gene deletion in Cln7 Ϫ/Ϫ mice by RT-PCR. The PCR products were expected as 634 bp for claudin-7 and 284 bp for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (serve as a PCR positive control). Claudin-7 mRNA was present in wild-type and heterozygous mice, but was absent in knockout mouse. D: loss of claudin-7 immunoreactivity in Cln7 Ϫ/Ϫ mice. Kidneys from 1-wk-old Cln7 ϩ/ϩ (a) and Cln7 Ϫ/Ϫ (b) mice were dissected and frozen in liquid nitrogen. Frozen sections (5 m) of kidneys were immunostained with anti-claudin-7 antibody and detected by Cy3-conjugated anti-rabbit secondary antibody. The images were taken at the kidney cortex region. Scale bar: 15 m. E: Western blot analysis showed the presence of claudin-7 protein expression in Cln7 ϩ/ϩ but not in Cln7
Ϫ/Ϫ mice. The membrane was probed with anti-claudin-7 antibody. disrupt ionic homeostasis in vivo and contribute to the development of hypertension in humans.
To investigate the claudin-7 function in vivo, we generated a claudin-7 knockout mouse model by gene targeting through homologous recombination. In this study, we report that Cln7 Ϫ/Ϫ pups show Na ϩ , Cl Ϫ , and K ϩ wasting and chronic dehydration phenotypes. The dramatic increase of aldosterone synthase mRNA level suggests that these mice suffer from mishandling of NaCl and fluid in the distal nephrons. Deletion of claudin-7 invokes several compensatory changes, such as increased renin, serum-glucocorticoid-induced kinase 1 (SGK1), epithelial Na ϩ channel (ENaC␣), Na ϩ -Cl Ϫ cotransporter (NCC), as well as aquaporin (AQP) 2 mRNA levels, demonstrating the cross talks between paracellular and transcellular ion transport pathways.
MATERIALS AND METHODS

Generation of Cln7
Ϫ/Ϫ mice by gene targeting. Mouse claudin-7 gene is located on chromosome 11 and contains four exons. A pDTA targeting vector (kindly provided by David Paul from Harvard Medical School) containing a PGK-neo cassette was designed to delete exon 1, intron 1, and exon 2 of the claudin-7 gene. This replacement targeting vector contained a 5Ј and 3Ј homology region of 1.5 and 4.1 kb, respectively. The 1.5-kb 5Ј sequence (upstream of claudin-7 exon 1) and 4.1-kb 3Ј sequence (starting from the second intron of claudin-7 gene) were obtained by PCR using 129sv genomic DNA as a template. Both 5Ј and 3Ј sequences were verified by DNA sequencing. The 1.5-and 4.1-kb fragments were subcloned into Hind III and Sac II sites of PGK-neo cassette in pDTA targeting vector, respectively. After the targeting vector was constructed, it was electroporated into mouse ES cells by the Animal Models Core Facility at the University of North Carolina, Chapel Hill (UNC-AMC). ES cell clones that survived with both positive and negative selections were screened to identify the correct recombination by PCR. The selected clone was microinjected in the pronuclei of C57BL/6 mouse blastocysts (UNC-AMC). The resulting male chimeras were mated with C57BL/6 females to produce the F 1 generation. The F1 male and female heterozygotes were bred to produce all three genotypes, Cln7 ϩ/ϩ , Cln7 ϩ/Ϫ , and Cln7 Ϫ/Ϫ . These studies were reviewed and approved by the Animal Care and Use Committee at East Carolina University.
Antibodies and reagents. Rabbit anti-claudin-2, -3, and -4 antibodies were purchased from Zymed (Invitrogen, Carlsbad, CA). Rabbit anti-claudin-8 antibody was described previously (18) . Rabbit anticlaudin-7 antibody was obtained from IBL (Immuno-Biological Laboratories). Mouse monoclonal and rabbit polyclonal antibodies against Na ϩ -K ϩ -ATPase ␣1 were from Santa Cruz. Anti-TSC (NCC) antibody was a generous gift from Mark Knepper (National Institutes of Health). AQP2 polyclonal antibody was purchased from Calbiochem. All other chemicals were from Sigma, unless indicated otherwise.
Genotyping. To determine mouse genotypes, tail snips were obtained 1 day after birth while newborn pups were tattooed. Mouse tails were digested in a buffer containing 0.5% SDS and proteinase K and incubated at 55°C for at least 3 h before processing to purify the genomic DNA. The primer sets for PCR reactions were as follows: 5Ј homologue region, 5Ј-CTGCAGAGTGAGATCCTGTCTCAAAAG-TAC-3Ј (forward primer), 5Ј-CGCATCGCCTTCTATCGCCTTCTT-GACGAG-3Ј (reverse primer) (primer set 1 and 2 in Fig. 1A) ; 3Ј homologue region, 5Ј-TCCTGACTAGGGGAGGAGTAGAAGGTG-GCG-3Ј (forward primer), 5Ј-GCAAGCCATAGCACACGCACAC-CATGGGAC-3Ј (reverse primer) (primer set 3 and 4 in Fig. 1A) ; claudin-7 gene, 5Ј-CAACTCGGGCCTGCAACTGCTG-3Ј (forward primer, located before exon 1), 5Ј-GCAAGCCATAGCACACGCA-CACCATGGGAC-3Ј (reverse primer, the same as primer 4).
RNA isolation and real-time RT-PCR. Total RNA was isolated from Cln7
ϩ/ϩ , Cln7 ϩ/Ϫ , and Cln7 Ϫ/Ϫ mouse kidneys using Trizol reagent (Invitrogen) following the manufacturer's instructions. RT-PCR was performed using the ProtoScript kit (New England Biolabs). The specific PCR primers used for claudin-7 were as follows: forward primer, 5Ј-ATGGCCAACTCGGGCCTGCAACTG-3Ј; reverse primer, 5Ј-TCACACGTATTCCTTGGAGGAATT-3Ј, which generated an expected 634-bp PCR product. As a control, the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was also amplified to produce a 284-bp PCR fragment. The PCR primers used for GAPDH were: 5Ј-GTGGATATTGTTGCCATCAATGACC-3Ј (forward) and 5Ј-GCCCCAGCCTTCATGGTGGT-3Ј (reverse).
For real-time RT-PCR experiments, adrenal glands and kidneys from 2-to 8-day-old Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ pups were stored in 5ϫ (vol/wt) volumes of RNAlater solution. Total RNA isolation and real-time RT-PCR amplifications were performed by The Animal Clinical Laboratory Core Facility at UNC. The primers used for real-time RT-PCR are listed in Table 1 . The fluorescent probe was f-CATGACCTGAGCCCTGGCAGCC-q and it had a reporter dye (FAM) covalently attached at its 5Ј end and a quencher dye attached at its 3Ј end (20) . Amplification of the ␤-actin gene was used as an endogenous control.
Blood and urine analysis. Whole blood was collected at the time of death using the Microvette 100/200 capillary tube containing lithium heparin. To separate the plasma from the blood cells, the whole blood was centrifuged at 2,600 g at 4°C for 10 min. Urine was collected at death by cystocentesis using a 23 G3/4 needle and then transferred to a clean tube. All hematology and urinalysis testing were performed by Ϫ/Ϫ mice failed to thrive. Cln7 ϩ/ϩ (WT), Cln7 ϩ/Ϫ (Het), and Cln7 Ϫ/Ϫ (KO) mice were weighed on a daily basis from birth to 8 days (A). The length of the mice was measured at the same time (B). The length of mouse was determined by measuring the distance from the top of the head to its tail using a piece of thread. At least 6 mice for each group were included in the measurements. Cln7 Ϫ/Ϫ mice showed similar weight and size at birth but were not able to grow beyond 5 days. Each data point is presented as means Ϯ SE. *Value is significantly different from the controls (P Ͻ 0.05).
the Department of Comparative Medicine Clinical Pathology Laboratory at East Carolina University or by The Animal Clinical Laboratory Core Facility at UNC. The fractional excretion (FE) of electrolytes was calculated by the standard equation: FE ϭ (urine electrolyte ϫ serum creatinine/serum electrolyte ϫ urine creatinine) ϫ 100 (5) .
Immunofluorescence light microscopy. Frozen kidney sections were either fixed in 100% acetone or in 95% ethanol, and they were then washed with PBS before blocking with 5% BSA. Antibodies against claudin-2, -3, -4, -7, and -8 were diluted at 1:100. The dilution was 1:50 for anti-Na ϩ -K ϩ ATPase ␣1, anti-TSC, and anti-AQP2 antibodies. Sections were examined and photographed using a Zeiss Axiovert S100 inverted fluorescent light microscope equipped with MetaMorph imaging software.
Western blotting. Kidney tissues from Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ pups were minced on ice, homogenized in RIPA buffer (36) , and centrifuged at 15,000 g to obtain tissue lysates. The total protein concentration of each sample was measured by the bicinchoninic acid protein assay kit and adjusted to equal concentration. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were then blocked in 5% nonfat dry milk in PBS plus 0.1% Tween 20 and incubated with primary antibodies at 4°C overnight followed by incubation with appropriate secondary antibodies for 1 h at room temperature. After blotting, the signals were detected by enhanced chemiluminescence on blue autoradiography film.
TEWL measurements. TEWL measurements were performed on the skin of 2-and 4-day-old Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ pups using a VapoMeter device (Delfin Technologies, Stamford, CT) (9) . During the measurement, the chamber containing a vapor sensor was sealed on the skin surface to be measured, and thus the reading was unaffected by ambient airflows.
Statistical analysis. Statistical analysis was performed using either Origin50 or SigmaPlot software. All data was expressed as means Ϯ SE. The differences between two groups were analyzed using the Student's t-test. The significance level was set at 0.05. The N indicates the number of mice.
RESULTS
Generation of Cln7
Ϫ/Ϫ mice. To generate a claudin-7 knockout mouse model, we used the gene-targeting method to replace exon 1, intron 1, and exon 2 of the claudin-7 gene with a PGK-neo cassette in the pDTA targeting vector (Fig. 1A) . The F1 male and female heterozygotes derived from chimeras were mated to produce all three genotypes, Cln7 ϩ/ϩ produced only a 5.7-kb band, but not 2.5-and 4.2-kb bands as indicated in Fig. 1B .
To confirm the absence of claudin-7 in Cln7 Ϫ/Ϫ mice, RT-PCR, immunostaining, and Western blotting experiments were performed. Total RNA was isolated from the kidneys of Cln7 ϩ/ϩ , Cln7 ϩ/Ϫ , and Cln7 Ϫ/Ϫ mice. As shown in Fig. 1C , claudin-7 mRNA was clearly present in Cln7 ϩ/ϩ and Cln7
mice, but absent in Cln7 Ϫ/Ϫ mice. Frozen sections of kidneys from 6-day-old Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice were immunostained with anti-claudin-7 antibody (Fig. 1D) . The results showed the presence of claudin-7 immunostaining in Cln7 ϩ/ϩ kidney sections (a), but an absence in kidney sections from 
Cln7
Ϫ/Ϫ mice (b). The absence of claudin-7 protein was also confirmed by Western blot analysis (Fig. 1E) .
Cln7 Ϫ/Ϫ pups fail to thrive and display renal salt-wasting phenotype. Cln7 Ϫ/Ϫ mice showed no obvious difference in appearance at birth and were similar in body size when compared with their Cln7 ϩ/ϩ and Cln7 ϩ/Ϫ littermates (Fig. 1B,  top) . However, starting at 4 -5 days after birth, the size difference became evident (Fig. 2) . At 1 wk old, the weight of Cln7 Ϫ/Ϫ mice was only ϳ36% that of Cln7 ϩ/ϩ mice (P Ͻ 0.05; Fig. 2A) , and the length of Cln7 Ϫ/Ϫ mice was ϳ65% that of Cln7 ϩ/ϩ mice (P Ͻ 0.05; Fig. 2B ). Therefore, Cln7 Ϫ/Ϫ mice displayed clear growth retardation and failure to thrive.
Because claudin-7 is highly expressed in the distal nephrons of the kidney, histological examinations were performed to reveal the internal structure of Cln7 Ϫ/Ϫ kidneys. Figure 3 shows kidney sections from 6-day-old Cln7 ϩ/ϩ and Cln7
littermates. No structural defects were observed in Cln7
Ϫ/Ϫ (Fig. 3 , Ab and Bb) kidney sections compared with that of Cln7 ϩ/ϩ (Fig. 3 , Aa and Ba). However, we have observed that some Cln7
Ϫ/Ϫ kidneys showed hydropic change and detached tubular epithelial cells when the mice were at the late stage of their lives (data not shown).
To determine Cln7 Ϫ/Ϫ renal function, we examined blood and urine parameters of Cln7 Ϫ/Ϫ mice and compared them with those of Cln7 ϩ/ϩ mice. We found that 3 days after birth, the K ϩ level in urine was greatly increased in Cln7 Ϫ/Ϫ mice when compared with that of Cln7 ϩ/ϩ littermates (Fig. 4A ). The urinary Cl Ϫ level in Cln7 Ϫ/Ϫ mice at 3 days of age showed the tendency to increase, although it did not reach a statistically significant level. At the same age, the urinary Na ϩ , Mg 2ϩ , and Ca 2ϩ levels did not show significant differences between Cln7 Ϫ/Ϫ and Cln7 ϩ/ϩ mice (Fig. 4A) . However, at 7 days of age, urinary K ϩ , Cl Ϫ , and Na ϩ levels in Cln7 Ϫ/Ϫ mice were all considerably increased compared with those of Cln7 ϩ/ϩ mice, while urinary Mg 2ϩ and Ca 2ϩ levels were similar between Fig. 4 . Salt wasting in Cln7 Ϫ/Ϫ mice. A: urine was directly collected from the bladder of 3-day-old Cln7 ϩ/ϩ (WT) and Cln7 Ϫ/Ϫ (KO) mice. Urine K ϩ , Cl Ϫ , Na ϩ , Mg 2ϩ , and Ca 2ϩ were measured and normalized to the urine creatinine concentrations (mM ion/mg creatinine). B: the same measurements were conducted in 7-day-old Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice. Each data point represents at least 6 samples and is presented as mean Ϯ SE. *Significantly different from the control (P Ͻ 0.05). 
Ϫ/Ϫ and Cln7 ϩ/ϩ mice (Fig. 4B) . To confirm the saltwasting phenotype, the fractional excretion (FE) of Na ϩ , Cl Ϫ and K ϩ was measured in 7-day-old Cln7 Ϫ/Ϫ and Cln7 ϩ/ϩ mice. As shown in Fig. 5 , FE for Na ϩ (A), Cl Ϫ (B), and K ϩ (C) were all significantly increased in Cln7 Ϫ/Ϫ mice compared with that of Cln7 ϩ/ϩ mice. Measurements of plasma Na ϩ , Cl Ϫ , and K ϩ levels (Fig. 5, D , E, and F, respectively) revealed that, although they did not show significant difference statistically between Cln7
Ϫ/Ϫ and Cln7 ϩ/ϩ mice, plasma K ϩ level was apparently lower in Cln7 Ϫ/Ϫ mice compared with that of Cln7 ϩ/ϩ mice. To understand the electrolyte wasting phenotypes, we examined the production of aldosterone and some of its downstream targets in Cln7 Ϫ/Ϫ mice. Table 1 listed the real-time RT-PCR primer sequences for these genes. Because it is quite difficult to collect Cln7 Ϫ/Ϫ blood within 1 wk without hemolysis (Cln7 Ϫ/Ϫ mice show volume depletion and die at such young age), we chose to measure aldosterone synthase mRNA level in 2-to 8-day-old Cln7 Ϫ/Ϫ and Cln7 ϩ/ϩ pups. We found that aldosterone synthase mRNA level was dramatically increased in 2/3-, 4/5-, and 7/8-day-old Cln7 Ϫ/Ϫ pups compared with that of Cln7 ϩ/ϩ mice (Fig. 6A ). It reached the highest level in 4/5-day-old Cln7 Ϫ/Ϫ pups. Therefore, we hypothesize that the increased NaCl concentration in the tubular lumen of Cln7 Ϫ/Ϫ distal nephrons results in water loss and reduces extracellular fluid volume, which stimulates the production of aldosterone in an attempt to increase the reabsorption of NaCl and water. At the same time, aldosterone increases the secretion of K ϩ in Cln7 Ϫ/Ϫ mice. Indeed, the urine aldosterone level was much higher in both 4-and 7-day-old Cln7 Ϫ/Ϫ mice compared with that of Cln7 ϩ/ϩ mice, suggesting that Cln7
Ϫ/Ϫ mice attempted to compensate the loss of NaCl (data not shown). Consistent with the aldosterone synthase increase, SGK1 (serum-glucocorticoid-induced kinase 1) (Fig. 6B) and renin ( Fig. 6C ) mRNA levels were also significantly increased. SGK1 is one of the aldosterone downstream targets, whereas renin is the upstream signal for stimulating aldosterone synthesis (25) . In addition, mRNA levels of other aldosterone downstream targets, ENaC␣ (Fig. 6D) and NCC (Fig. 6E) , were significantly elevated as well in Cln7 Ϫ/Ϫ mice. Interestingly, ROMK mRNA level was greatly reduced in Cln7 Ϫ/Ϫ mice, suggesting that there was a compensatory effect inhibiting ROMK mRNA expression to prevent the loss of K ϩ .
Ϫ/Ϫ pups show chronic dehydration and increased AQP2 expression. Cln7 Ϫ/Ϫ mice also developed a chronic dehydration phenotype. As shown in Fig. 7A , wrinkled skin Fig. 6 . Measurements of transcript levels of aldosterone synthase and its related genes. Aldosterone synthase (A), serum-glucocorticoid-induced kinase 1 (SGK1; B), renin (C), epithelial Na ϩ channel (ENaC␣; D), Na ϩ -Cl Ϫ cotransporter (NCC; E), and ROMK (F) mRNA levels were measured in adrenal glands or kidneys removed from 2-to 8-dayold Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice using realtime RT-PCR method. Each measurement was normalized to its ␤-actin level. Cln7 ϩ/ϩ mRNA level was arbitrarily assigned as 100, and Cln7 Ϫ/Ϫ mRNA level was compared with this value. AU, arbitrary unit. Each data point represents at least 5 samples and is presented as mean Ϯ SE. *Significantly different from the WT control (P Ͻ 0.05).
was evident in Cln7
Ϫ/Ϫ mice at ϳ1 wk of age. These six pups were from the same litter with two wild types (ϩ/ϩ), two knockouts (Ϫ/Ϫ), and four heterozygotes (ϩ/Ϫ) (only two heterozygous mice were shown here). To determine whether dehydration is through skin or not, TEWL measurements were performed on the skin of 2-and 4-day-old Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice. The results from Fig. 7B demonstrated that there was no difference in TEWL between Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ skin at both 2 and 4 days. On the other hand, our data revealed that, although the blood urea nitrogen (BUN) level between Cln7
Ϫ/Ϫ and Cln7 ϩ/ϩ mice was not significantly different at 3 days of age, it was greatly increased by 70% in Cln7 Ϫ/Ϫ mice 7 days after birth (Fig. 7C ). In addition, hematocrit level was also elevated in 7-day-old Cln7 Ϫ/Ϫ mice compared with that of Cln7 ϩ/ϩ mice (Fig. 7D) . Increased BUN and hematocrit levels are consistent with the observation that Cln7 Ϫ/Ϫ mice displayed chronic dehydration with wrinkled skin ϳ1 wk after birth. It is likely that the increased concentration of ions in tubular fluid caused water loss because of the osmotic effect. To compensate the loss of water, AQP2 expression level was greatly increased at both mRNA (Fig. 8A) and protein (Fig. 8B) 
levels in Cln7
Ϫ/Ϫ mice. AQP2 shows a 29-kDa nonglycosylated and 35-to 45-kDa glycosylated bands on the Western blot membrane (17, 22) . We also found that the serum creatinine level did not show a significant difference between 7-day-old Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice, suggesting that the kidney filtration function of Cln7 Ϫ/Ϫ mice was relatively normal (data not shown).
Increased expression of Na
in the distal nephrons of Cln7
Ϫ/Ϫ pups. To determine whether the deletion of claudin-7 would affect the expression level of other claudins in kidneys, we examined the distribution and expression level of claudin-2, -3, -4, and -8 in kidneys from Cln7 Ϫ/Ϫ and Cln7 ϩ/ϩ mice. It has been reported that claudin-2 is present in the proximal tubules of kidneys, and claudin-4 is mainly located at the CD (21) . Claudin-3 and -8 are both distributed along the distal nephrons of kidneys. Nevertheless, we did not detect any significant changes in distribution pattern (Fig. 9A ) or expression level (Fig. 9B ) of these claudins. Therefore, the observed ionic reabsorption defects in Cln7 Ϫ/Ϫ mice are most likely related to the absence of claudin-7 itself, and the functions of claudin-7 cannot be compensated by other claudins in the distal nephrons.
The cellular localization of claudin-7 is unique in that it is not only localized at the apical membrane, but it also has a strong immunostaining at the basal membrane as shown in Fig.  1Da . The basal signal is specific because the deletion of claudin-7 revealed no basal background staining (Fig. 1Db) . Ϫ/Ϫ mice display chronic dehydration. A: 1-wk-old Cln7 ϩ/ϩ , Cln7 Ϫ/Ϫ , and Cln7 ϩ/Ϫ pups from the same litter were shown here. There were a total of 8 mice in this litter with two Cln7 ϩ/ϩ , four Cln7 ϩ/Ϫ (only 2 were shown), and two Cln7 Ϫ/Ϫ mice. Arrows indicate the wrinkled skin on Cln7 Ϫ/Ϫ mice. B: transepidermal water loss (TEWL) measurement. Epidermal water evaporation was measured on the skin of 2-and 4-day-old Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice. At least 7 mice were used for each group with multiple measurements for each mouse. There is no statistical difference in TEWL between two groups (P Ͼ 0.05). C: increased blood urea nitrogen (BUN) level in 7-day-old Cln7 Ϫ/Ϫ mice. Whole blood was collected from 3-and 7-day-old Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice. Serum was obtained by centrifuging whole blood at 2,600 g for 10 min at 4°C. BUN was measured by a Clinical Chemistry Analyzer. D: increased hematocrit level in 7-day-old Cln7 Ϫ/Ϫ mice. The hematocrit measurements for Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice were performed using whole blood in the presence of EDTA to prevent blood clotting. Data are represented as means Ϯ SE (N ϭ 6 for each group). *Value is significantly different from the WT control (P Ͻ 0.05).
Because of the basal distribution pattern of claudin-7 and the increased aldosterone synthase mRNA level, we examined the expression of Na ϩ -K ϩ -ATPase (a well-known basal marker) in Cln7 Ϫ/Ϫ kidneys. We found that the expression level of Na ϩ -K ϩ -ATPase functional subunit, ␣ 1 , was significantly increased in Cln7 Ϫ/Ϫ kidneys compared with that of their wild-type littermates by the immunofluorescent light microscopic method (Fig. 10A) . This result was also confirmed by the Western blot analysis (Fig. 10B) . Figure 10C indicated that the signal intensity of Na ϩ -K ϩ -ATPase ␣ 1 was increased ϳ50% for Cln7 Ϫ/Ϫ kidneys. To answer the question as to which segments of renal tubules have the enhanced Na ϩ -K ϩ -ATPase ␣ 1 signal, we performed the double immunostaining experiments. Here we found that the enhanced Na ϩ -K ϩ -ATPase ␣ 1 signal was localized to the same tubules as that labeled by the TSC immunostaining, a marker for DCT (Fig. 11, a-c) . In addition, this increased Na ϩ -K ϩ -ATPase ␣ 1 signal was also colocalized with the AQP2 immunostaining, a marker for CD (Fig. 11, d-f) . However, it is clear that the tubules with strong Na ϩ -K ϩ -ATPase ␣ 1 staining (Fig. 11, g-i) were not the proximal tubules, as labeled by claudin-2 (Fig. 11h) . These data indicated that the deletion of claudin-7 resulted in the enhanced Na ϩ -K ϩ -ATPase ␣ 1 expression in both DCT and CD where claudin-7 is normally expressed in wild-type kidneys, which can contribute to the significant K ϩ wasting in Cln7 Ϫ/Ϫ urine.
DISCUSSION
It has been reported that claudin-7 is involved in the regulation of paracellular Cl Ϫ permeability and is a substrate of WNK4 kinase (2, 14, 36) . To investigate the claudin-7 function in vivo, we generated the first claudin-7 knockout mouse model by gene-targeted deletion strategy. In this study, we report that claudin-7-deficient mice displayed significant Na ϩ , Cl Ϫ , and K ϩ wasting and chronic dehydration as evidenced by the wrinkled skin at ϳ6 -7 days and increased BUN and hematocrit levels. As a potential compensation for the loss of electrolytes and water, Cln7 Ϫ/Ϫ pups have increased ENaC␣, NCC, and AQP2 expression and decreased ROMK expression. Ϫ/Ϫ mice show increased aquaporin-2 (AQP2) expression. A: AQP2 mRNA level was measured in kidneys from 2/3-, 4/5-, and 7/8-dayold Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice using real-time RT-PCR method. Each measurement was normalized to its ␤-actin level. Cln7 ϩ/ϩ mRNA level was arbitrarily assigned as 100, and Cln7 Ϫ/Ϫ mRNA level was compared with this value. Each data point represents at least 5 samples and is presented as mean Ϯ SE. *Value is significantly different from the WT control (P Ͻ 0.05). B: kidney lysates from 6-day-old Cln7 ϩ/ϩ (ϩ/ϩ) and Cln7 Ϫ/Ϫ (Ϫ/Ϫ) mice were homogenized and lysed in lysis buffer. A total of 40 g protein for each sample was loaded on the SDS-polyacrylamide gel. Membranes were blotted against AQP2 antibody. The same membrane was stripped and blotted using anti-actin antibody to show the loading control. These knockout mice failed to grow and died within 12 days after birth.
Based on the previous studies of claudin-7 involvement in paracellular Cl Ϫ transport and the salt-wasting phenotype of Cln7 Ϫ/Ϫ mice presented in this study, we propose that mice lacking claudin-7 could have paracellular Cl Ϫ reabsorption impairment. The elevated amount of Cl Ϫ in the tubular fluid will increase lumen-negative transepithelial voltage in the distal nephrons, which decreases the Na ϩ reabsorption and leads to Na ϩ wasting. The increased NaCl concentration in the tubular lumen induces osmotic diuresis, which causes Cln7 Ϫ/Ϫ (b) mice were removed from the body and immediately frozen in liquid nitrogen. Frozen sections (5 m) were immunostained with the primary antibody against Na ϩ -K ϩ -ATPase ␣1. The arrow in b pointed to a tubule with increased Na ϩ -K ϩ -ATPase ␣1 immunoreactivity. Scale bar: 50 m. B: kidney lysates from 6-day-old Cln7 ϩ/ϩ and Cln7 Ϫ/Ϫ mice were subjected to Western blot analysis. The membrane was blotted against Na ϩ -K ϩ -ATPase ␣1 antibody. The same membrane was stripped and blotted using anti-actin antibody to show the loading control. C: densitometry analysis of Na ϩ -K ϩ -ATPase ␣1 expression level. Following immunoblotting, X-ray films were scanned, and band images were analyzed. The relative signal intensity of each band was obtained after background subtraction. Data were collected from 5 independent experiments and represented as means Ϯ SE. *Value is significantly different from the control (P Ͻ 0.05). stimulates the adrenal cortex to increase aldosterone synthase level as we observed (Fig. 6A) to produce more aldosterone to compensate the loss of NaCl (26) . Aldosterone also increases K ϩ secretion, which could partially explain why we observed K ϩ wasting in Cln7 Ϫ/Ϫ mice. The physiological evidence supporting the presence of a significant paracellular Cl Ϫ conductance in cortical collecting duct (CCD) has been reported previously (31) . Using microelectrode techniques on the isolated rabbit CCD, Sansom et al. (31) demonstrated that the paracellular pathway (TJ) provided a major route for transepithelial Cl Ϫ transport, and the apical cell membrane in CCD did not have a significant Cl Ϫ conductance. Our current study is consistent with these early findings and supports the hypothesis that claudin-7 may serve as a paracellular Cl Ϫ channel. Consistent with the increase in aldosterone expression, we found that renin and SGK1 mRNA levels were also greatly increased in Cln7 Ϫ/Ϫ mice. To compensate the electrolytes and water loss, Cln7
Ϫ/Ϫ mice activated the transcellular transport mechanism and increased ENaC␣, NCC, and AQP2 expression. We also observed that K ϩ was the first ion to show the dramatically increased level in 3-day-old Cln7 Ϫ/Ϫ urine (Fig.  4A ). This could be caused by the increased expression of aldosterone in Cln7 Ϫ/Ϫ mice. Indeed, our data showed that aldosterone synthase mRNA level was dramatically increased in Cln7 Ϫ/Ϫ mice as early as 2 days after birth. An alternative hypothesis is that the impaired paracellular Cl Ϫ reabsorption could lead to the increased luminal electronegativity in CD, which would increase the driving force for K ϩ secretion. In addition, failure to reabsorb NaCl (and secondarily water) increases the luminal flow in distal nephrons, thus activating K ϩ secretion through flow-sensitive K ϩ channels. Interestingly, we found that ROMK mRNA level was greatly reduced in Cln7 Ϫ/Ϫ mice. This effect is most likely the result of a compensatory mechanism to prevent K ϩ loss since plasma K ϩ level was apparently low in Cln7 Ϫ/Ϫ mice. Plasma Na ϩ and Cl Ϫ levels were slightly higher in Cln7 Ϫ/Ϫ mice, which could be due to the compensatory effects of the transcellular transport system as well as hypovolemia. We also found that Na ϩ -K ϩ -ATPase ␣ 1 expression was significantly elevated in both DCT and CD of Cln7 Ϫ/Ϫ mice. Aldosterone has been reported to increase Na ϩ -K ϩ -ATPase expression in the CD (35) . However, it is also possible that the increase in Na ϩ -K ϩ -ATPase ␣ 1 expression could be partially due to claudin-7 deletion, since our double-immunostaining data revealed that the increase of Na ϩ -K ϩ -ATPase ␣ 1 expression occurred at both DCT and CD where claudin-7 is expressed in wild-type mice. In addition, Yu et al. (42) recently showed that claudin-7 and Na ϩ -K ϩ -ATPase ␣ 1 were colocalized in renal tubules. Shoshani et al. (33) reported the distribution of Na ϩ -K ϩ -ATPase at the lateral surface of polarized epithelial cells in culture. Further studies utilizing the cell culture system are needed to determine the relationship between claudin-7 and Na ϩ -K ϩ -ATPase. It is common that multiple claudins are coexpressed in the same cells or in the same tissue. Claudin-claudin interactions have been studied in cell culture systems (7, 10, 30) . Recently, Elkouby-Naor et al. (8) reported that double knockouts of claudin-11 and -14 did not produce additional phenotypes, suggesting that there was probably no functional cooperation between claudin-11 and -14 even though both claudins are expressed in kidneys. On the other hand, claudin-16 interacts with claudin-19, and their association has been shown to form a TJ with cation selectivity (16) . In the present study, we did not detect any differences in the expression level of claudin-2, -3, -4, and -8 between Cln7
Ϫ/Ϫ and Cln7 ϩ/ϩ kidneys despite the fact that claudin-7 has the overlapping distribution pattern with claudin-3, -4, and -8. This result suggests that the loss of claudin-7 function was unable to be compensated by claudin-3, -4, and -8 localized at the same tubules. However, we cannot rule out the possibility that the expression of other untested claudins may be modulated in the kidney of Cln7 Ϫ/Ϫ mice, which may contribute to kidney function changes reported in this study. Nevertheless, we did observe an increased expression level of AQP2 in the CD of Cln7 Ϫ/Ϫ kidneys. The most likely explanation for this is hypovolemia-induced vasopressin release, which causes AQP2 upregulation to compensate for the loss of water in the Cln7 Ϫ/Ϫ urine. Although it is clear that deletion of claudin-7 causes the defect of kidney function, other tissues may be affected as well and are currently being investigated.
We conclude from this study that claudin-7 is essential for ionic homeostasis in renal tubular epithelial cells. Deletion of claudin-7 causes Na ϩ , Cl Ϫ , and K ϩ wasting, leading to chronic dehydration of the mutant mice. Understanding the role of claudin-7 in renal physiology will help to develop new therapeutic interventions for blood pressure alterations and related kidney disorders.
